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Comprehensive vibrational spectroscopic characterization of 
nylon-6 precursors for precise tracking of the Beckmann 
rearrangement 
Stephanie Chapman,[a] Alexander J. O’Malley,[b,c,d] Stewart F. Parker,[d,e] and Robert Raja *[a,d] 
Abstract: As a key step in nylon-6 synthesis, the Beckmann 
rearrangement is an ongoing target of catalytic studies that seek to 
improve the sustainability of polymer manufacture. Whilst solid-acid 
catalysts (predominantly zeotypes) have proven effective for this 
transformation, the development of more active and selective systems 
demands an understanding of fundamental catalytic mechanisms. In 
this undertaking, in situ and operando characterization techniques can 
be informative, provided rigorous spectroscopic groundwork is in 
place. Thus, to facilitate mechanistic studies we present a detailed 
investigation of the vibrational spectra of cyclohexanone oxime, ε-
caprolactam and their D10-isotopomers, in the solid state. Variable-
temperature infrared (150 – 300 K) and Raman (10 – 300 K) spectra 
are reported alongside inelastic neutron scattering data. Moreover, 
where key vibrational modes have been assigned with the aid of 
periodic density functional theory calculations, it has been possible to 
include hydrogen-bonding interactions explicitly. 
Introduction 
As the first synthetic polymers to be manufactured commercially, 
the polyamides, or nylons, remain some of the most industrially 
and economically significant synthetic fibers in large-scale 
production.[1] Nylon-6, in particular, has found extensive use in 
engineering plastics and fibers - applications that exploit its 
characteristic ductility, strength, and resistance to physical and 
chemical degradation. Accordingly, global demand for nylon-6 is 
expected to reach 7690 megatonnes by 2026.[2] 
 
Nylon-6 is produced by the ring-opening polymerization of the 
cyclic amide, ε-caprolactam (Figure 1). As the key intermediate in 
the production of nylon-6, ε-caprolactam is a high-value bulk 
chemical and its global production was predicted to exceed 4.6 
million tonnes in 2017.[3] Typically, ε-caprolactam is produced by 
the acid-catalyzed Beckmann rearrangement of cyclohexanone 
oxime (itself generated from cyclohexanone). The conventional, 
industrial Beckmann rearrangement is effected by a harsh mineral 
acid catalyst in a multi-step process that generates stoichiometric 
quantities of ammonium sulfate by-product.[4] As this is both 
hazardous and inherently uneconomical, traditional homogenous 
acid catalysts are being superseded by heterogeneous 
alternatives.[5] As well as offering ease of recoverability from the 
fluid-phase reaction, solid-acid catalysts eliminate the need for 
aggressive reagents, simultaneously mitigating the vast quantities 
of low-value by-product associated with the conventional 
process.[6] Zeolite and zeotype catalysts have had particular 
success in this domain,[5] offering a robust, porous framework with 
tunable acid characteristics. By invoking weak acid sites, such as 
the silanol nests in zeolite H-ZSM-5,[7] or Brønsted acid centers in 
silicoaluminophosphates (SAPOs),[8] it has been possible achieve 
high yields in the Beckmann rearrangement.  
Figure 1. Scheme depicting the synthesis of nylon-6. The ammoximation of 
cyclohexanone yields cyclohexanone oxime (1), which undergoes an acid-
catalyzed Beckmann rearrangement to form ε-caprolactam (2). Subsequent 
ring-opening polymerization of ε-caprolactam (3) yields nylon-6. 
When optimizing catalysts for chemical transformations such as 
the Beckmann rearrangement, an understanding of catalyst 
mechanism is advantageous. Whilst advances in characterization 
(especially in situ and operando) techniques continue to provide 
detailed insight into catalyst operation, the process of extracting 
useful information can be hindered by the need for fundamental, 
but often demanding analyses to be in place. Illustratively, the 
vibrational characterization of cyclohexanone oxime and ε-
caprolactam (unlike cyclohexanone)[9] is notably lacking, despite 
their importance as intermediates in nylon-6 manufacture. 
Namely, infrared spectroscopy has been used monitor the 
heterogeneously-catalyzed Beckmann transformation (e.g.[10]), 
and the infrared and Raman spectra of cyclohexanone oxime and 
ε caprolactam (supported by density functional theory (DFT) 
calculations) have been reported as part of the measurement of 
thermodynamic properties (heats of sublimation and vaporization, 
and the standard entropy) in the ideal gas state.[11] Infrared 
spectroscopy has also been used to study hydrogen bonding in 
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cyclohexanone oxime, both in solution and in the solid state.[12] 
Nonetheless, vibrational spectra have been assigned using 
normal coordinate analysis[13] and DFT,[14] invoking the isolated 
molecule approximation so that hydrogen bonding is omitted or 
only treated empirically - even when the experimental data is for 
the solid state. Whilst studies into the effect of hydrogen bonding 
and conformation on the resonance Raman spectrum of ε-
caprolactam are extensive, such investigations have been 
confined to the solution phase.[14-15] 
 
Therefore, to support future studies into the mechanism of 
Beckmann rearrangement process, we present a comprehensive 
investigation of the vibrational spectra of cyclohexanone oxime, 
ε-caprolactam and their D10-isotopomers (giving increased clarity 
to the relevant functional groups) in the solid state. Variable-
temperature infrared (150 – 300 K) and Raman (10 – 300 K) 
spectra are recorded together with inelastic neutron scattering 
(INS) spectra. Assignments are made with the aid of periodic 
density functional theory (DFT) calculations of the solid-state 
structures and thus hydrogen-bonding is explicitly included. 
Results and Discussion 
In the following sub-sections, we briefly review the spectroscopy 
of cyclohexanone, before presenting a complete assignment of 
both cyclohexanone oxime and its ring-deuterated, D10-
isotopomer, and ε-caprolactam and its D10-isotopomer. Finally, 
we compare the spectra of cyclohexanone, cyclohexanone oxime, 
and ε-caprolactam to highlight the characteristic and distinctive 
modes of each species. 
 
Cyclohexanone 
Below the melting point of 245 K, cyclohexanone forms a face-
centered, cubic, plastic crystal of the space group 
𝐹𝑚3̅𝑚 . However, on cooling to below 225 K, the crystal 
transforms to the ordered, monoclinic, Phase III structure of the 
space group P21/n.[16] (The orthorhombic Phase II exists under 
high pressure, but the triple point for all three phases is close to 
ambient pressure). The vibrational spectra of the liquid phase 
have been comprehensively studied and assigned by both normal 
coordinate[9a] and isolated molecule DFT[9c] calculations, and 
solid-state transitions have been investigated by infrared and 
Raman spectroscopies.[9b] 
 
The INS spectrum of cyclohexanone - hitherto unreported in the 
literature - is presented in Figure 2a alongside periodic-DFT 
calculation of Phase III for the Γ-point only (Figure 2b), and for the 
entire Brillouin zone (Figure 2c). Above 300 cm-1, the agreement 
between experimental and calculated spectra is essentially 
quantitative. However, at ~ 200 cm-1 a mode that is clearly split in 
the experimental spectrum is calculated as a single peak. The 
dispersion (i.e. the variation of transition energy with wavevector) 
curves for the low energy region (Figure 3, with the full range 
shown in Figure S4) reveal little dispersion; rather the discrepancy 
arises from underestimating the calculated factor group splitting 
(5 cm-1) versus that observed (15 cm-1). 
 
Figure 2. INS spectra of (a) cyclohexanone in Phase III at 10 K and as 
calculated using CASTEP: (b) Γ-point only and (c) for the entire Brillouin zone. 
The low energy region below 200 cm-1 is complex and poorly 
represented by the Γ-point-only calculation, but shows better 
agreement with the entire-Brillouin-zone calculation. 
Discrepancies in the low-energy region are attributed to a modest 
dispersion (< 20 cm-1) in all modes, which arises due to (albeit 
relatively weak) intermolecular interactions: cyclohexanone 
possesses a significant dipole moment of 2.87 D,[17] such that in 
C6D10O[16] there are four O•••D connections in the range 2.48–
2.59 Å. 
Figure 3. Calculated dispersion curves of cyclohexanone in Phase III. 
In the gas phase, cyclohexanone has Cs symmetry.[18] In the solid 
state this is largely retained,[16] and modes involving atoms that lie 
outside of the mirror-plane form symmetric and (in-phase) and 
asymmetric (out-of-phase) pairs. A complete assignment of 
modes in the 0 – 1800 cm-1 region (Table S2) reveals a divide 
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between the external modes (translations and librations) and the 
internal modes at ~120 cm-1. The key modes associated with the 
carbonyl functionality occur at ~1700 cm-1 (C=O stretch), 490 cm-
1 (C=O in-plane bend) and 130 cm-1 (C=O out-of-plane bend). 
Although the C=O stretch is not observed in the INS spectrum 
because it largely involves motion of atoms with modest cross 
sections, it is readily apparent in both the infrared and Raman 
spectra. As noted previously,[9a] there is extensive mixing of 
modes, particularly of the C–C stretch modes with the methylene 
rock, wag and twist modes. Our assignment of the vibrational 
spectrum of cyclohexanone in the solid state both confirms and 
extends previous work[9a, 9b] that uses the isolated molecule 
approximation. 
 
Cyclohexanone oxime 
Much like cyclohexanone,[16] solid-state cyclohexanone oxime 
exhibits structural polymorphism. However, unlike its synthetic 
precursor, cyclohexanone oxime has not been subject to detailed 
structural characterization. Heat capacity measurements[11b] 
reveal two reversible solid-solid transitions at 241.5 and 301.5 K, 
and a melting point of 362.0 K. For cyclohexanone-D10 oxime 
(Figure S5), these transitions occur at a marginally higher 
temperature (242.3, 302.5 and 364.4 K). Thus, from these 
measurements, three crystalline phases can be defined: Phase III 
< 241.5 K < Phase II < 301.5 K < Phase I < 364.4 K. 
 
The only investigation[19] of the room temperature Phase I, found 
a hexagonal structure, P63 (no. 173), with six formula units in the 
unit cell, comprising of two trimers of cyclohexanone oxime. The 
lowest energy conformation of cyclohexanone oxime (Figure 4A) 
has two forms: the chair (C) and the inverted chair (I). This, in turn, 
gives rise to four possible trimers: CCC, CCI (shown in Figure 4B), 
CII and III, with significant disorder along the c-axis being ascribed 
to a random distribution of these trimers. 
Figure 4. A) Left: the chair (C) and right: the inverted (I) chair conformation of 
cyclohexanone oxime, and B) the trimer motif that is characteristic of all three 
phases of cyclohexanone oxime (hydrogen bonds shown as dashed lines), 
viewed along the c-axis of the fully ordered, low-temperature Phase III (CCI), 
with five of the trimers removed. 
We are unaware of any structural investigation of Phase II, but the 
structure of cyclohexanone oxime in Phase III has been 
determined several times despite complications due to twinning. 
The most recent determination at 110 K successfully resolved this 
problem, revealing a centrosymmetric structure in the trigonal 
space group 𝑃3̅  (no. 147), with 18 formula units per primitive 
cell.[20] Closer inspection of this Phase III structure reveals two 
layers of six trimeric oxime units, in the CCI arrangement. 
 
Vibrational studies of cyclohexanone oxime clearly demonstrate 
the aforementioned phase changes. These are most apparent in 
the Raman spectra of the all-H species (Figure 5), and the infrared 
spectra of the D10 species (Figure 6). (The infrared spectra of the 
all-H and the Raman spectra of the D10 are reported in Figures 
S6 and S7, respectively). In the Raman spectra (Figure 5), a 
progressive sharpening of the bands in the sequence: Phase I → 
Phase II → Phase III is most obvious for the lattice modes, 0 – 
200 cm-1, and the bands around 1400 cm-1. Similarly, in the 
infrared spectra (Figure 6), the relative intensities of the O–H 
stretch modes at 2700 – 3600 cm-1 progressively sharpen. The 
changes on transforming from Phase I to Phase II are subtle but 
reproducible, and the similarity of the Phase II structure to the 
other phases of cyclohexanone oxime indicate that the trimer 
motif is maintained. 
Figure 5. The Raman spectra of cyclohexanone oxime in (a) Phase I, 320 
K, (b) Phase II, 270 K and (c) Phase III, 10 K. 
Structural changes in solid cyclohexanone oxime show increasing 
order with decreasing temperature. Therefore, whilst Phase I is a 
mixture of all four possible trimers, Phase III consists exclusively 
of one form. Phase II then, presumably represents the 
intermediate case where there is still more than one form of trimer. 
Calculation of the energies of the trimers using the model shown 
in Figure 4, finds that they are almost degenerate: III 0, CCC 
+1.22 meV (+1.95 x10-22 J), CII +4.74 meV (+7.59 x10-22 J), CCI 
+10.11 meV (+1.62 x10-21 J), (energies relative to the lowest 
energy trimer). Somewhat surprisingly, it is not the lowest energy 
trimer that occurs in Phase III, but the highest energy one. The 
implication is that whilst the interaction between the trimers is 
B 
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weak, it is still sufficient to offset the energy difference. Therefore, 
band sharpening is attributed, in part, to the decreasing 
temperature, but also to increasing order in the structure. This is 
particularly apparent in the lattice modes, which are akin to those 
of an amorphous system in Phase I, and yet resemble a 
crystalline material in Phase III. 
Figure 6. The infrared spectra of cyclohexanone-D10 oxime in (a) Phase 
I, 323 K, (b) Phase II, 286 K and (c) Phase III, 140 K. 
In the context of the Beckmann rearrangement process, the oxime 
functionality (C=N–O–H) is of particular interest. The 
characteristic modes are the O–H, C=N and N–O stretch modes, 
and the in-plane and out-of-plane N–O–H deformation modes. 
The high-energy region for the Phase III structure of the all-H and 
D-10 oxime is presented in Figure 7, and includes all three types 
of vibrational spectroscopy.  
Figure 7. Vibrational spectra of Phase III at 10 K in the C–D/-/O–H stretch 
region of cyclohexanone oxime: (a) INS, (b) infrared, (c) Raman, and 
cyclohexanone-D10 oxime: (d) INS, (e) infrared and (f) Raman. Note that 
(d) is ×10 ordinate expanded relative to (a). 
For the all-H species, the Raman and INS spectra in this region 
are dominated by C–H stretch modes. Where the infrared 
spectrum of cyclohexanone-H10 oxime shows two modes at 3091 
and 3174 cm-1, comparison with the D-10 analogue reveals that 
these modes, and another at 2895 cm-1, are obscured by C–H 
stretches. The three O–H stretch modes of the trimer would give 
rise to a totally symmetric (A) and a doubly degenerate (E) mode 
if a C3 symmetry axis were present, but the CCI configuration of 
the trimer lifts such degeneracy. We therefore assign the lowest 
energy mode as the totally-symmetric, in-phase O–H stretch, and 
the two highest modes as the split E-mode. INS spectroscopy 
supports this assignment, since the area of the high-energy 
feature is approximately twice that of the 2895 cm-1 mode (note 
that Figure 7d is ×10 ordinate expanded relative to Figure 7a). In 
the INS spectrum of the all-H species, the combination of the 
coincidence of the C–H and O–H stretch modes, the tenfold 
excess of C–H modes, and the width of the O–H stretch modes 
makes this feature essentially invisible. 
 
The C=N stretch, which typically occurs at around 1660 cm-1,[21] is 
seen in both the infrared and Raman spectra of cyclohexanone 
oxime (Figures 5, 6, S6 and S7). The N–O stretch, which occurs 
at approximately 900 cm-1,[22] is often the strongest band in the 
spectrum, as exemplified here. The N–O–H deformation modes 
are most readily detected by INS (Figure 8), particularly in the D-
10 species where they dominate the spectrum by virtue of the 
tenfold larger cross section of H versus D. The in-plane mode N–
O–H occurs at 1490 cm-1 and the out-of-plane mode at 792 cm-1. 
Thus, it is through the combination of three types of spectroscopy 
that a complete assignment of the vibrational characteristics of 
cyclohexanone oxime can be made.    
Figure 8. INS spectra in Phase III at 10 K of (a) cyclohexanone oxime, (b) 
cyclohexanone oxime as calculated using CASTEP, (c) cyclohexanone-
D10 oxime and (d) as calculated using CASTEP. Note that (c) is ×11 
ordinate expanded relative to (a), reflecting the difference in cross section 
between H and D. The CASTEP spectra are for the complete unit cell of 
342 atoms. 
The complex structure of solid-state cyclohexanone oxime makes 
computational studies challenging. However, the trimer motif that 
is common to the three solid phases of the oxime is probably also 
maintained in solution.[19] In Phase III, the closest contact within a 
layer is at 2.6 Å, and between layers is at 2.4 Å (in both cases 
through non-linear H····H contacts), indicating that there is little 
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interaction between the oxime trimers. Therefore, to make the 
DFT calculations tractable, and to be representative of all three 
solid phases, five of the six trimers were removed in order to 
reduce the number of atoms from 342 to 57. The resulting model 
is shown in Figure 4B. Comparison of experimental and 
calculated INS spectra is a stringent test of a model,[23] hence 
Figure S8 compares the observed and calculated spectra for the 
all-H and the D-10 species. Whilst the correspondence between 
calculated and experimental spectra is reasonable for INS, for the 
infrared spectra (Figure S9a, b) the results are unsatisfactory. The 
indication is that the interactions between the oxime trimers 
(although weak) are significant and have observable 
spectroscopic consequences. Further investigation showed that it 
was possible, albeit time consuming, to use the complete 
structure containing 342 atoms.[22] Figure 8 shows a comparison 
of the observed and calculated INS spectra for the all-H and the 
D-10 species, and the calculated infrared spectrum is shown in 
Figure S9c. The only significant difference between the observed 
and calculated spectra in Figure 8 is for the N–H out- of-plane 
mode at ~ 800 cm-1. This is most apparent for the D10 species, 
and due to the use of the PBE functional, which results in 
overbinding of the hydrogen bonds: experimental O–H•••N = 
2.763, 2.765 and 2.783 Å, calculated O–H•••N = 2.703, 2.713 and 
2.720 Å. This has been observed previously for H2O2,[24] 
CsHSO4,[25] and a series of amines and amine hydrochlorides;[26] 
nonetheless, this relatively inexpensive GGA functional has 
allowed us to fully assign the vibrational spectrum. 
 
The presence of 18 molecules in the unit cell results in 18 factor 
group components for each mode. Inspection of the calculated 
transition energies shows that for the internal modes, the splitting 
is generally less than 15 cm-1. Table S3 presents a complete 
assignment of the spectra of both the all-H and the D-10 species; 
for each mode the average of the 18 factor group components is 
given as the calculated transition energy, together with range of 
transition energies: highest in factor group – lowest in factor group. 
The only exception is for the O–H stretch modes which splits into 
three distinct groups of six, alluding to the A + E splitting of an 
idealized C3 structure. 
 
Unlike cyclohexanone, cyclohexanone oxime does not possess a 
mirror plane and thus, in principle, each methylene group could 
behave as an independent entity. However, visualization of the 
normal modes shows that, in practice, this only occurs for the C–
H stretch region. For the deformation modes, the methylene 
vibrations are similar to those of cyclohexanone, with each 
methylene group forming in-phase and out-of-phase pairs with its 
‘mirror’ image. 
 
ε-Caprolactam 
In contrast to cyclohexanone and cyclohexanone oxime, the solid 
state behavior of ε caprolactam is relatively straightforward. 
Differential scanning calorimetry (DSC) studies by ourselves 
(Figure S5) and others,[27] show no evidence of a phase transition 
between 5 K and the melting point (342.3 K). A comparison of the 
Raman spectra recorded at 300 K and 10 K (Figure S8) supports 
this conclusion since, beyond the expected sharpening of the 
bands at 10 K, the spectra are identical. Solid ε-caprolactam has 
a monoclinic structure in the centrosymmetric space group C2/c, 
with four molecules in the primitive cell.[28] These each form 
centrosymmetric dimers with molecules in neighboring cells. 
 
Figures 9 and 10 show the vibrational spectra of the all-H and the 
D-10 caprolactam species, respectively. The spectra in the N–H 
stretch are unexpectedly complex. Four molecules in the primitive 
cell of a centrosymmetric structure gives rise to two infrared active, 
and two Raman active N–H stretching modes. However, as 
highlighted by the infrared spectrum of the D10 species (Figure 
10a), there are at least five bands in this region. ε-Caprolactam is 
an example of a secondary amide with a cis configuration of the 
C=O and N–H bonds. These typically exhibit the N–H stretch at 
~3200 cm-1 and a combination mode of the C=O and N–H 
stretches at ~3100 cm-1,[21] the intensity of latter being enhanced 
by Fermi resonance with the N–H stretch. Both features are 
present in our spectra at 3198 and 3056 cm-1, respectively. 
 
Figure 9. Vibrational spectra of ε-caprolactam: (a) infrared (RT), (b) FT-
Raman (RT) and INS (20 K) recorded on (c) TOSCA, 0 – 2500 cm-1, and 
(d) MAPS, 2500 – 3600 cm-1. 
The weaker features at 2895, 2931 and 3280 cm-1 are assigned 
as: 1408 + 1471 cm-1, 2 × 1471 cm-1 and 2 × 1646 cm-1, 
respectively, presumably all in Fermi resonance with the N–H 
stretch mode. These combinations all involve the characteristic 
modes of a lactam: 1408 cm-1 = C1–N stretch, 1471 cm-1 = N–H 
in-plane bend and 1646 cm-1 = C=O stretch. The out-of-plane 
bend is obvious in the 300 K infrared spectra (Figures 9a, 10a) as 
a broad feature at 801 cm-1. In the INS spectrum of the D-10 
species at 10 K, it is resolved into two components at 793 and 831 
cm-1. 
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Figure 10. Vibrational spectra of ε-caprolactam-D10: (a) infrared (RT), (b) 
FT-Raman (RT), the inset is a ×10 ordinate expansion of the 2700 – 3600 
cm-1 region and INS (20 K) recorded on (c) TOSCA, 0 – 2500 cm-1, and 
(d) MAPS, 2500 – 3600 cm-1. 
Periodic-DFT calculations confirm the aforementioned 
assignments. Figure 11 shows a comparison of the observed and 
calculated INS spectra, with assignments reported in Table S4. 
The C1 molecular symmetry means that the mode descriptions 
are over-simplified and the modes are highly mixed. As these 
calculations do not aid the assignment of C–H or C–D stretch 
modes, only the N–H related modes are reported in Table S4. As 
in cyclohexanone oxime, the strength of the hydrogen bonds are 
overestimated by these calculations: experimental N–H•••O = 
2.895 Å versus calculated N–H•••O = 2.844 Å. 
Figure 11. INS spectra at 10 K of ε-caprolactam (a) experimental, (b) as 
calculated using CASTEP and ε-caprolactam-D10 (c) experimental and (d) as 
calculated using CASTEP. 
Comparison of spectra 
The vibrational spectra of cyclohexanone, cyclohexanone oxime 
and ε-caprolactam are compared in Figures 12-14. Simply by 
inspecting the patterns of the spectra, it would appear that 
distinguishing the three compounds is straightforward. This is 
certainly true for the pure materials, however, our interest[8a] lies 
in understanding how they interact with the porous, acid  
Figure 12. Comparison of room-temperature infrared spectra of: (a) 
cyclohexanone, (b) cyclohexanone oxime and (c) ε-caprolactam. 
catalysts that are increasingly employed for the rearrangement 
process.[5] In this case, the problem becomes much more complex, 
since the amount of information is greatly reduced. Thus, infrared 
spectra are only available for > 1600 cm-1 due to absorption of 
radiation by the catalyst lattice. Even characteristic modes (e.g. 
the cyclohexanone C=O stretch at 1707 cm-1, the cyclohexanone 
oxime N=O stretch at 1654 cm-1, and the ε-caprolactam C=O 
stretch is at 1660 cm-1) lie close in energy and are subject to 
variation through hydrogen bonding with the catalyst. The 
expectation that the C–H/N–H/O–H stretch region would be more 
informative is also not realized, and since the C–H stretch modes 
relate to methylene groups from all three molecules, their 
positions and relative intensities are similar. In addition, the 
hydrogen-bonded N–H and O–H vibrations are very susceptible 
to perturbation as the local environment changes from trimers in 
cyclohexanone oxime and dimers in ε-caprolactam, to individual 
molecules when hydrogen-bonded to the catalyst framework. 
Figure 13. Comparison of room-temperature FT-Raman (B) spectra of: (a) 
cyclohexanone, (b) cyclohexanone oxime and (c) ε-caprolactam. 
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In the case of Raman spectroscopy, the situation is even worse, 
since the catalysts are invariably fluorescent, with either visible or 
near infrared excitation, preventing spectra from being obtained 
by conventional methods. Thus, INS spectroscopy is the only 
technique that can access the region below ~1600 cm-1. As Figure 
14 shows, the spectra of all three compounds are remarkably 
similar in the 1000 - 1600 cm-1 range, which is dominated by 
common methylene rock, wag, twist and scissors modes. The 100 
- 1000 cm-1 encompasses the skeletal modes, including ring 
deformations and out-of-plane bending modes of the substituents. 
As the former involve the molecular framework, which is primarily 
C–C bonds, these modes are less susceptible to the influences of 
the external environment than those involving hydrogen bonding. 
Between 200 and 500 cm-1 cyclohexanone has three strong 
modes, cyclohexanone oxime has five and ε-caprolactam has 
four, thus providing a characteristic and unambiguous fingerprint 
of each species. 
Figure 14. Comparison of TOSCA spectra at 10 K of: (a) cyclohexanone, 
(b) cyclohexanone oxime and (c) ε-caprolactam. 
Conclusions 
In optimizing heterogeneous acid catalysts for nylon-6 production, 
a molecular-level understanding of catalytic transformations will 
necessitate the use of in situ and operando spectroscopies. To 
aid such investigations, we have analyzed three key species 
associated with the Beckmann rearrangement step 
(cyclohexanone, cyclohexanone oxime and ε-caprolactam), using 
a range of complementary vibrational techniques. The 
spectroscopy of these molecules proved unexpectedly complex, 
particularly due to the polymorphism exhibited by cyclohexanone 
oxime. Nonetheless, a combination of infrared, Raman and INS 
spectroscopies, with assignments provided by periodic-DFT, has 
enabled complete characterization to be made. From this, we 
have identified the characteristic vibrational modes that can be 
used to track each species as they are transformed. Moreover, 
the work clearly highlights the advantage of INS spectroscopy for 
studies of adsorbed species, it being the only technique capable 
of accessing the characteristic modes that are relatively 
independent of the surrounding environment. 
Experimental Section 
Materials: Cyclohexanone (≥99 %, Sigma Aldrich), cyclohexanone oxime 
(97 %, Sigma Aldrich) and ε-caprolactam (99 %, Sigma Aldrich) were used 
as received. ε-Caprolactam-D10 (0.50 g, 99% D), C6D10NOH, was 
purchased from QMX Laboratories Ltd.. Cyclohexanone-D10 oxime was 
synthesized by reacting a 1:1 molar ratio of cyclohexanone-D10 (99% D, 
Sigma Aldrich) and hydroxylamine (50 wt. % in H2O, Sigma Aldrich) in an 
ice bath under stirring. After 1 hour, the white solid was collected by 
vacuum filtration, washed with ice-cold, deionized water (200 mL), and 
then dried under vacuum. The synthesis and characterization of the 
product is described in more detail in the Supplementary Information 
(Figures S1-S3). 
Vibrational Spectroscopy: FT-Raman spectra were recorded at room 
temperature with a Bruker MultiRam spectrometer using 1064 nm 
excitation, 4 cm-1 resolution, 500 mW laser power and 1024 scans. 
Variable temperature Raman spectra (10 – 300 K) were recorded using 
785 nm excitation with a custom modified Renishaw InVia spectrometer, 
that has been previously described.[29] The infrared spectra were recorded 
using a Bruker Vertex70 FTIR spectrometer, 4 cm-1 resolution with a 
DLaTGS detector using 64 scans and at room temperature for the range 
50 to 4000 cm-1 with a Bruker Diamond ATR and variable temperature (150 
– 300 K) over the range 350 to 4000 cm-1 with a Specac Golden Gate ATR 
with the variable temperature option. INS spectroscopy was carried out on 
the high resolution broadband spectrometer TOSCA[30] and the direct 
geometry spectrometer MAPS[31] at the ISIS Pulsed Neutron and Muon 
Facility[32] (Chilton, UK). The sample, 0.5 to 2.0 g, was loaded into a thin-
walled aluminium cell, which was inserted into the closed cycle refrigerator 
of the spectrometer and cooled to < 20 K. The two spectrometers are 
complementary;[31] for the present work the key features are that TOSCA 
provides good resolution spectra from 0 – 2000 cm-1, while MAPS enables 
observation of the O–H and C–H stretch region.  
Computational Methods: The plane wave pseudopotential based 
program CASTEP was used for the calculation of the vibrational transition 
energies and their intensities.[33] The generalized gradient approximation 
(GGA) Perdew-Burke-Ernzerhof (PBE) functional was used in conjunction 
with optimized norm-conserving pseudopotentials. The source of the 
starting structures, details of the plane-wave cut-off and the Monkhorst-
Pack grids that were used are given in Table S1 of the Supporting 
Information. All calculations were converged to better than |0.0078| eV Å-
1. After geometry optimization, the vibrational spectra were calculated in 
the harmonic approximation using density-functional perturbation-
theory.[34] This procedure generates  the vibrational eigenvalues and 
eigenvectors, which allows visualization of the modes within Materials 
Studio[35] or by Jmol[36] and is also the information needed to calculate the 
INS spectrum using the program ACLIMAX.[37] Transition energies for 
isotopic species were calculated from the dynamical matrix that is stored 
in the CASTEP checkpoint file using the PHONONS utility.[38] We 
emphasize that none of the transition energies have been scaled. 
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The development of active and 
selective catalysts for the polymer 
industry remains an important target in 
heterogeneous catalyst research. 
Using the complementary techniques 
of variable-temperature infrared and 
Raman spectroscopy, as well as 
inelastic neutron scattering, we 
present a comprehensive and detailed 
vibrational characterisation of 
cyclohexanone oxime, ε-caprolactam 
and their deuterated D10-
isotopomers: molecular species 
relevant to nylon-6 manufacture. 
Periodic DFT calculations have been 
used to assign key vibrational modes, 
with hydrogen-bonding included 
explicitly, offering a further level of 
detail to aid future studies of reaction 
mechanism. 
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